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NAG5-1733, FOC SV support and Science Data Analysis

Work under this grant is now concluded. The main activity has been the

study of Planetary Nebulae in the Magellanic Clouds through observations

using the ESA Faint Object Camera conducted during HST Observing
Cycles 1 and 2 in the pre-Costar era and in Cycle 4 with Costar and the

FOC. A table of the observations obtained during these observing periods is

attached along with figures showing the final images. Both the table and

the figures are intended for publication later this year in the Astrophysical
journal

Work that has been carried out under the grant included, astrometric

measurement of ground-based images and preparation of detailed

observing proposals, re-calibration of FOC images, deconvolution, and data

analysis and measurement. The work has resulted in two papers, the first

already published and the second in preparation by Blades, Osmer and

Barlow. A reprint of the first paper is attached. The second paper will

enlarge upon the results described in the first paper, bearing in mind the

much larger sample of objects. Finally, the recently acquired images in

Cycle 4 with the corrected optics will allow us to make direct and

quantitative comparison between the pre- and post- correction for FOC. This

work will be carried out under a separate grant.

All the observations concerning Planetary Nebulae as described in an
earlier status report have been collected and measured. In addition, a

preliminary study of the photometric response of the FOC was begun under
this grant but not completed because the analysis of the Cycle 2 Planetary

Nebulae took much longer and was much more difficult than originally
envisaged (due to the spherical aberration problem). However, we shall be

able to deduce the photometric properties now using the actual PN

themselves, because our data cover a long time period. This work will be

carried out under a separate grant.

There were no inventions or patents associated with this grant.
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ABSTRACT

Using the Faint Object Camera on-board the Hubble Space Telescope, we have obtained images of four
planetary nebulae (PNe) in the Magellanic Clouds, namely N2 and N5 in the SMC and N66 and N201 in the

LMC. Each nebula was imaged through two narrow-band filters isolating I-O m] 25007 and Ht/, for a

nominal exposure time of 1000 s in each filter. Significant detail is evident on the raw images and, after decon-
volution using the Richardson-Lucy algorithm, structures as small as 0':06 are easily discernible. In [O lU],

SMC N5 shows a circular ring structure, with a peak-to-peak diameter of 0':26 and a FWHM of 0'.'35, while

SMC N2 shows an elliptical ring structure with a peak-to-peak diameter of 0'.'26 x 0"21 (FWHM 0'_40

× 0'.'35). The expansion ages corresponding to the observed structures in SMC N2 and N5 are of the order of

3000 yr. Such low ages appear more easy to reconcile with helium-burning rather than hydrogen-burning

central star evolutionary tracks. LMC N201 is very compact, with a FWHM of 0':21 in Hfl. The Type I PN

LMC N66 is a multipolar nebula, with the brightest part having an extent of about 2" and with fainter struc-

tures extending over 4". The [O m] image reveals structures unprecedented for a planetary nebula, with

several bright knots and faint loops visible outside the two main bright lobes.

Subject headin#s: Magellanic Clouds -- planetary nebulae: individual (SMC N2, SMC NS, LMC N66, LMC

N201)

I. INTRODUCTION

We have embarked on an imaging survey of Planetary
Nebulae (PNe) in the Mageilanic Clouds, using the Faint

Object Camera (FOC) on-board the Hubble Space Telescope.

In this Letter we present preliminary results on our first four
targets, namely N66 and N201 in the Large Magellanic Cloud,

and N2 and N5 in the Small Cloud (see Sanduleak, MacCon-
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nell, & Philip 1978 for nebular designations). Our pre-launch

plan was to obtain both narrow-band optical images and long-

slit ultraviolet spectra for a range of PNe. The aberrated tele-

scope optics and the narrowness of the FOC slit (0"1 wide)

have forced us to delay spectroscopy until after the first servi-

cing mission. Currently, we are concentrating on FOC optical

imaging through the F486N (Hfl) and F501N ([O in]) filters, in

combination with existing ground-based and IUE spectros-

copy, to study these objects.

LMC N201 is the most luminous PN known in [O III]

25007 and H//in the Magellanic Clouds or any other galaxy.

Its nebular C/O number ratio is less than unity and its N/O

ratio is close to 0.5 (Aller et al. 1987). SMC N2 and N5 have

C/O ratios in excess of three (Aller et al. 1987). Ionization

structure models of all three nebulae indicate that they are

optically thin in the hydrogen Lyman continuum, so that their

nebular envelopes are completely ionized (Barlow et al. 1986;

Aller et al. 1987). LMC N66 has been classified as a type I PN

by Monk, Barlow, & Clegg (1988), on the basis of a high N/O

ratio of 0.8. Galactic type I PNe often exhibit pronounced

bipolar structures and are believed to originate from the high-

mass end of the stellar population that produces planetary

nebulae (Peimbert & Torres-Peimbert 1983). Typical sizes of

bright planetary nebulae in the Magellanic Clouds are

expected to be less than 1", so that even with techniques such

as speckle intefferometry (Barlow et al. 1986; Wood, Bessel, &

Dopita 1986) their diameters are very difficult to measure from

the ground. While morphological information can in principle

be obtained from high signal-to-noise speckle interferometric

data, in practice most results are interpreted in terms of simple

structural models, such as uniform disks or edge-brightened

rings. Galactic PNe routinely exhibit much more complicated
structures than these. On the other hand, Magellanic Cloud



L42 BLADES ET AL. Vol. 398

PN are ideally suited to imaging with the high-resolution f/96
FOC, which has _022 square pixels. In this Letter we shall

show that significantly better values for PN diameters can be

obtained by FOC imaging than by previous ground-based

attempts, and that their morphological structures are straight-

forwardly revealed.

2. OBSERVATIONS AND IMAGE ANALYSIS

We imaged each PN through two narrow-band filters,
F486N for H/_ ,14861, and F501N for [O III] ,15007, using the
f/96 imaging mode of the FOC (Macchetto et al. 1982, 1991).

Observing details are given in Table 1. The Hp line traces
emission by the dominant element in the nebula, while [O III]

,15007 is a strong cooling line which traces emission by the
dominant O +÷ ion of oxygen. Images in these two lines of
well-resolved Galactic PNe, and nebular ionization structure

models (e.g., Harrington et aL 1982), show that the O ++ ion
distribution is similar to that of H + in most PNe. Our present
images also confirm this, but since EO m] ,15007 is typically

5-10 times stronger than H_, in this Letter we shall concen-

trate on the observations taken through the F501N filter. The

filter predominantly transmits the ,_5007 member of the UO In]

Li4959, 5007 doublet. The systematic radial velocities of the
Small and Large Magellanic Clouds shift the EO In] lines by
between + 2 A and + 5 A relative to their rest wavelengths.
According to the FOC Handbook (Paresce 1990), the F501N

filter has a transmission near 68% at the peak wavelength of
5017 A but below 4965 A the transmission drops to only a few

percent.
We used the 512 x 512 pixei format which has nominally

square pixels of 24 /an on a side, corresponding to 0.'0224
(+ 0"0001) on the sky. Observations were obtained in fine lock.

The data were processed through the Institute calibration
pipeline which flat fielded and then geometrically corrected the

images. Reseaux marks which are fiducial reference marks
engraved on the detector face plate were not removed; one
mark can be seen near the center of Lobe B in LMC N66 (Fig.

3). We deconvolved the images using a version of the
Richardson-Lucy method (Richardson 1972; Lucy 1974) as
installed in the IRAF package.

The photon counting detectors of the FOC are susceptible

to nonlinearity effects which depend not only on the flux of the
source but also on image structure. The aberrated PN images

are complex, with both a central bright core and an extensive

aberrated halo. Count rates with the F486N H_0 filter are
below saturation levels. The F5OIN [O in] fluxes are higher.

LMC N201 is saturated in this filter and would have to be

re-observed using neutral density filters. A check of the counts
in the other [O m] images give count rates that are below
saturation levels.

3. SIZES AND MORPHOLOGIES

The F501N images of SMC N2 and SMC N5 are shown in

Figure I (Plate L2) and EO m] intensitycrosscutsare given in
Figure 2. Because the integrated number of counts was con-

served during the Richardson-Lucy deconvolutions, the plots

in Figure 2 represent the approximate number of counts per
pixel that would have been obtained from a nonaberrated tele-

scope. It is ironic to note that in such a case the EO nI] images
of SMC N2 and N5 would have saturated, with count rates at

their peaks on the order of 2-3 counts s- 1 pixel - 1.

SMC N2 is a slightly elliptical ringlike nebula, with its great-
est elongation in the EW direction. In the deconvolved F501N
image the peak-to-peak dimensions of the ring (EW x NS) are
0.26 x 0.21 arcsec 2. The elongation appears more pronounced

in the F486N image (not shown), where the peak-to-peak

dimensions of the ring are 0.23 x 0.13 arcsec 2. The shape of
SMC N5 more closely approximates a circular ring, with the

F501N image showing a clearly defined, nearly uniform struc-
ture, apart from a brighter patch at the northern edge. The

peak-to-peak diameter of the ring is 0f.26 and the ring itself is
significantly narrower than that of SMC N2, with a width as

small as 0?.06 (FWHM) in some places.
The deconvolved H_ image of LMC N201 is Gaussian in

shape, with a FWHM of 0f.21 (not shown). However, the inter-
pretation of the nebular structure is complicated by the fact
that this nebula has a very bright central star, which

undoubtedly contributes significantly to the total counts in the
F486N filter. Proper allowance for the central star contribu-
tion must be made before final conclusions about the nebular
structure can be reached. Stellar contamination would be less

of a problem in an F501N image since, for LMC N201, [O m]

,15007 is 11 times brighter than Hfl (Monk et ai. 1988).

However, as mentioned earlier, our F501N image of N201 is
saturated.

Figure 3 (Plate L3) shows the FSOIN image of LMC N66.
The identification of the central star is confirmed by the F486N

image. Hp is 9 times weaker than ['O m] ,15007 in LMC N66
(Monk et al. 1988) and all of the features seen in the FS01N

image are proportionately weaker in the F486N image, apart
from the peak identified with the central star, which has the

same intensity. We have provided the designations in Figure

TABLE 1

FAtbrrOmEcr CJoa_ f/96 OeSi_.VATIONSOF FouIt Pt_N_'rARYNEBULAEtN Tt_ MAGm.t._a,rtc Ct.ouo$

R.A. Decl. Date Exposure Aperture Max. Count
Name (J2000) 02000) Filter (1991 UT) (s) Pk (counts) Size

SMCN2 .......... 0_32_38".8 -71°41'59 . F486N Jui 9.67 995.9 57.°7 79 0f.23 x 0f.13 p
FSOIN Jul 9.62 995.9 57.7 440 0.26 x 0.21 p

SMC N5 .......... 0 39 26.3 -73 01 42 F486N Jul 9.82 921.4 56.3 52 0.31 w
F501N Jui 9.72 995.9 56.3 411 0.26 p

LMCN66 ........ 5 36 20.8 -67 1808 F486N Jun 27.00 974.3 338.5 55 complex
FS01N Jun 26.94 540.3 338.5 70 ~4

LMC N201 ....... 5 24 55.1 -71 3256 F486N Jun 27.87 836.4 339.3 182 0.21 w
FS01N Jun 27.81 734.3 339.3 >697 saturated

NoTgs.--Coordinates from the STScl Guide Star Selection System. The Aperture column gives the Position Angle (PA) of the FOC aperture
which is the angle subtended by the detector line direction with respect to North. FOC images have been rotated counterclockwise by the PA
values for conventional North (top), East (left) orientation. The size of each planetary is determined from peak to peak measures of the ring (p) or
the FWHM (w). The complex morphology of N66 is described in the text and Table 2.
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FIG. Z--Intensity cross-sections through the center of the deconvolved

F501N image of SMC N2 (top) and N5 (bottom) in the cast-west and north-
south directions. Each cross section is an average of 3 adjacent pixels normal
to the scan direction. The intensity scale is in units of FOC counts in the

deconvolved image.

3d, and in Table 2, to the various morphological features that
are discernible on the F501N image of N66. The primary com-
ponents consist of two lobes extending on either side of the
central star along an EW axis. Lobe A has an EW extent of 170,
while Lobe B has an EW extent of 1"3. Extending from these
two main lobes are two faint loops. Loop 1, to the south and
east, extends as far as 2'.'05 from the central star, while Loop 2,
to the north and west, extends 2"27. The loops have similar
widths, ~0718. The other important features of the nebular
structure are the knots that surround the periphery of the two
lobes (Fig. 3d). Knot 1 appears to be at one of the bases of
Loop 1 and Knot 5 is at one of the bases of Loop 2. Knots 2, 3,
and 4 may define another loop, which we tentatively identify as
Loop 3. The knots are the smallest resolvable structures in the
image, with FWHM widths ranging from 0727 (Knot 1) to 0709
(Knot 5).

4. DISCUSSION

Three of the four PNe have been observed from the ground
using speckle interferometry. Wood et al. (1986) used autocor-
relation and cross-correlation techniques to derive an angular

TABLE 2

MORPHOLOCY Ol: LMC N66 IN [O m]

Component Relative Position

Label Intensity" Angle Distance b

Lobe A ............ 37 116 0°.50
Lobe B ............ 33 272.5 0.66

Central star ....... 2 0 0
Knot 1 ............ 5 162 0.67
Knot 2 ............ 3 166 0.12

Knot 3 ............ 3 196.5 0.64
Knot 4 ............ 1 231 0.94

Knot 5 ............ 2 329 0.37

Loop 1 ............ 6 155.5 2.05

Loop 2 ............ 3 330 2.27
Loop 3 ............ 5 228 1.22

• Relative intensities have been scaled so they add to 100.
b In the case of lobes and knots, the distance in arcsec is

measured from the central star to the center of the component,
while in the case of the loops the distance is to the furthest

point.

diameter of 0."20 for SMC N2, in agreement with the average
peak-to-peak diameter of 0"23 found in the FOC image.
Barlow et al. (1986), using an autocorrelation analysis only,
fitted their results for SMC N2 with two rings having diam-
eters of 0':44 and 0':76. Standley (1986) used both autocorrela-
tion and cross-correlation techniques to analyze the same data
set as Barlow et al. (1986) and obtained a good fit with a single
ring model having a peak-to-peak diameter of 07.20. Wood et
al. (1986) estimated an angular diameter of greater than 0':5 for
LMC N201, compared to the FWHM of 0721 found here from
the F486N image. Matcber (1989) fitted his speckle results for
LMC N201 with a ring model having a peak-to-peak diameter
of 0'.'135 (FWHM diameter 0.'150). Finally, Wood et al. (1986)
derived an angular diameter of 0':32 for LMC N66. Clearly,
standard speckle intefferometry fails completely when dealing
with large and complex structures such as are evident in the
FS01N image ofN66.

In the past, central stars of PNe have been assumed to
evolve along hydrogen-shell burning tracks. Such tracks
predict a central star age which can be compared with the
nebular dynamical expansion age. The latter may be derived
from the angular radius of a PN at a known distance if the
expansion velocity is known. We consider here the case of
SMC N2, but similar conclusions may be drawn for SMC N5,
whose expansion velocity (Dopita et al. 1985), spectroscopic
characteristics and central star parameters (Aller et al. 1987)
are very similar to those of SMC N2. The nebular expansion
velocity of SMC N2 is 17 km s- t (Barlow et al. 1986) so, for an
adopted distance modulus to the SMC of 18.8, the mean
angular radius of 0':11 found here for the ring peak corre-
sponds to an expansion age of 1800 yr if the nebular expansion
velocity has been constant since ejection. If, as discussed by
Barlow et al. (1986), the nebular expansion velocity has
increased linearly with radius since a starting AGB expansion
velocity of 10 km s -t, the age of the nebula since ejection
would be 2300 yr. These values can be contrasted with the
much larger central star evolutionary age of 8000 yr if the
Tar = 110,000 K, log g = 5.75 central star (Barlow et al. 1986)
is on a Schoenberner (1983) hydrogen-shell burning evolution-
ary track, corresponding to a central star mass of 0.59 M e.

From Figure 2, for both SMC N2 and N5, nebular emission
extends out as far as a radius of ~ 0':.25. For a constant expan-
sion velocity of 17 km s-t, this corresponds to an expansion
age of 4000 yr (5200 yr if the expansion velocity has increased
linearly with radius from a starting value of 10 km s-t). The
small nebular expansion age of SMC N2 appears to be more
easily reconcilable with the helium-burning evolutionary
tracks of Wood & Faulkner (1986), which give a mass of
~ 0.65 M e and an evolutionary age of 3000 yr for the central
star parameters found by Barlow et al. (1986).

The nebular filling factor implied by the diameter and elec-
tron density of SMC N2 is of relevance to the above consider-
ations. The angular diameter implies an unphysical filling
factor of 30, when used in conjunction with equation (13) of
Barlow (1987), along with the [O I1"] electron density of 3000
crn-3 and other nebular parameters listed there. (The ioniza-
tion structure model of Barlow et al. 1986 for the optically thin
nebula SMC N2 indicates that the O + responsible for the weak
observed [O n] emission is a trace ion originating from recom-
bination of O ÷ +, the dominant ion of oxygen in the nebula. As
such, the derived [O n] 223726, 3729 density should be repre-
sentative of conditions in the [O m] emitting region.) In order
to reduce the filling factor below unity, the overall nebular
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diameter would have to be 3.1 times larger than the peak-to-
peak diameter found here. As discussed above, emitting
material appears to extend at least as far out as a radius of
_25, i.e., 2.3 times as far as the ring peak radius. Low surface
brightness material may extend well beyond the boundaries of
the bright inner ring seen here, analogous to the faint outer
shells seen around the bright inner rings of Galactic PNe such
as NGC 2392 and NGC3242 (e.g., Chu, Jacoby, & Arendt
1987). Such low surface brightness material could represent a
significant fraction of the total nebular mass and account for
the filling factor discrepancy described above, while at the
same time permitting consistency between the hydrogen-shell
burning central star evolutionary age and the nebular expan-
sion age. However, deeper exposures would be needed to
reveal such material around SMC N2 and N5.

The FS01N image of LMC N66 reveals structures unprece-
dented for a planetary nebula. Its closest counterpart among
Galactic PNe appears to be the type I nebula NGC 6302. The
images of NGC 6302 presented by Meaburn & Walsh (1980)
show loops and knots similar to those found in LMC N66.
However, although some of the structures found in NGC 6302
extend significantly offthe main axis defined by its bright lobes,
they do so to nothing like the extent shown by Loops 1 and 2
in LMC N66, which are almost orthogonal to the axis defined
by the main lobes (Fig. 3c). NGC 6302 also resembles LMC
N66 in exhibiting multiple discrete high-velocity components,
ranging up to ± 150 km s -x about the mean radial velocity in
the case of NGC 6302 (Meaburn & Walsh 1980). Dopita et al.
(1988) found four discrete velocity components in LMC N66,

corresponding to line of sight expansion velocities of ± 46 and
± 68 km s- l about its mean radial velocity. If we assume that
the stronger, lower velocity, components correspond to the
main lobes of N66 then, for an LMC distance modulus of
18.35, this implies an expansion time scale of < 3000 yr for the
centroids of the lobes and up to double this for the lobe
extremities. The loop extremities would have the same ages if
their expansion velocities are of the order of 100 km s-t
Meaburn & Waish (1980) interpreted the spatial and velocity
structure of NGC 6302 in terms of the wind-produced cavity
model of Cant6 (1980), in which cavities delineated by shocks
form on either side of a wind-producing star located in a dense
central disk of material. In the case of NGC 6302 the central
star is indeed obscured by a dust disk (Lester & Dinerstein
1984), but the central star of N66 is clearly visible. However,
there is an obvious axis nearly devoid of material at a PA of
45° through the central star (Fig. 3d) and this may represent the
plane of a disk that is now almost dissipated.
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acknowledge support from NASA through contracts NAGS-
1733, NAS5-27760 and NAS5-28086, respectively. G. Weigett
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PLATE L2

b

c d

FiG. I.--HST Faint Object Camera images of the SMC PNe, N2 and N5 through the FSOIN filter. Panels (a) and (c) show the central regions after calibration

but before deconvoiution, and panels (b) and (d) show the images after deconvolution with the Lucy-Richardson method. Each panel is displayed at the same scale

and orientation.
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PLATEL3
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p3 d. LMC N06 F5OIN, surfi)_ceplot

c

FIG. 3,--HST Faint Object Camera image of LMC N66 through the F501N filter, Panel (a) shows the central part of the image after calibration but before
deconvolution. Panel (b) shows the image after deconvolution with the Lucy-Richardson method, displayed to show the central star and core; panel (c) is a display of

the deconvolved image showing the faint nebulosity in the loops. Each panel is displayed at the same scale and orientation, Panel (d) is a surface plot of the

deconvolved image of the LMC N66 showing the identification of the loops and knots as described in the text and in Table 2.
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